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Introduction
The aromatic heteropolymer lignin is an important component of lignocellulose matrix of plant cell walls, comprising 15-30% dry weight of lignocellulose. 1 Lignin is liberated during physicochemical pretreatment of biomass for cellulosic bioethanol production, and is also produced industrially from pulp/paper manufacture via the Kraft process, but is currently a low value byproduct that is burnt for energy or used in the production of concrete, asphalt, and polymeric materials. 1, 2 The aromatic content of lignin is a potentially valuable source of renewable aromatic chemicals, and the valorisation of lignin via either chemical or biocatalytic routes is of considerable current interest, but has proved very challenging. 2 Microbial degradation of lignin has been mainly studied in basidiomycete fungi: white-rot fungi such as Phanerochaete chrysosporium produce extracellular lignin peroxidase and manganese peroxidase enzymes that can oxidise lignin, and some fungi produce extracellular laccases that can also attack lignin. 1 Despite reports of bacterial oxidation of lignin, 3, 4 until recently the enzymology of bacterial lignin breakdown (summarised in Figure 1 ) was poorly understood. In 2011 we reported a dye-decolorising peroxidase DypB from Rhodococcus jostii RHA1 that played a significant role in the lignin-degrading ability of this strain, and the recombinant protein was shown to oxidise both Mn(II) and lignin model compounds, catalysing oxidative C  -C  bond cleavage of a -aryl ether lignin dimer. 5 A further Dyp2 peroxidase has been identified in Amycolatopsis sp. 75iv2 that shows higher activity for Mn(II) oxidation. 6 Bacterial laccase enzymes have also been identified in Streptomyces coelicolor A3(2), S. viridosporus T7A, and Amycolatopsis sp. 75iv2, which catalyse C  oxidation of a lignin model compound, and whose genetic knockout significantly reduces the ability of the host to metabolise lignin. 7 Given the complexity of the lignin polymer, it seems likely that there is a group of lignin-oxidising enzymes, and that further lignin-oxidising enzymes are still to be discovered. Using a colorimetric assay method, 8 we have previously reported a screening method for isolation of lignin-oxidising bacterial strains from environmental soil samples. 9 Using this method we reported the isolation of 12 novel bacterial lignin-oxidising strains, including a thermotolerant Sphingobacterium sp. T2 isolate which grows on minimal media containing wheat straw lignocellulose as sole carbon source, 9 or minimal media containing Kraft lignin (see Supporting Information S1), and which showed >10-fold higher activity for lignin oxidation than other isolates in our assay. 9 Another Sphingobacterium isolate with high activity for lignosulfonate degradation has also subsequently been reported. 10 In this paper we report the identification from proteomic analysis and genome sequencing of two extracellular manganese superoxide dismutase enzymes in Sphingobacterium sp. T2 that show novel reactivity for lignin oxidation.
Results

Proteomic analysis of Sphingobacterium sp. T2
Extracellular fractions of Sphingobacterium sp. T2 grown on Luria-Bertani broth were partially purified via Q sepharose anion exchange and phenyl sepharose hydrophobic interaction chromatography. Several active fractions were observed (see Supporting Information S2), which showed activity using both the nitrated lignin colorimetric assay 8 (see Supporting Information S10).
Upon incubation of 720 µg SOD1 or SOD2 with a suspension of Organosolv lignin in 50 mM potassium phosphate buffer 7.8, to which was added 1.25 mM KO2, a visible change in colour from yellow to orange was observed over 60 min, and a change in the solubility of the lignin was observed, becoming noticeably more water soluble (see Figure 2A ). Analysis of reaction components by reverse phase HPLC revealed the presence of a number of new peaks, together with an envelope of products in the range 6-20 min with increasing intensity vs. time, as shown in Figure   2B . Reaction was also observed with alkali Kraft lignin, generating multiple reaction products (Supporting Information Figure S11 ). There was a slow background reaction in the presence of KO2
alone, but the background reaction generated only a small envelope of products in the range 12-20 min retention time (see Figure 2B ), with much smaller individual product peaks. SOD1 and SOD2 also showed activity for lignin oxidation in the presence of 1 mM hydrogen peroxide under aerobic conditions, which would be formed by spontaneous dismutation of superoxide in aqueous solution.
Treatment of organosolv lignin under these conditions generated the same reaction products, but the peak intensities were only 10% of those obtained in the presence of KO2 over a 60 min incubation.
The rate of consumption of organosolv lignin was estimated as 0.86 mg/min/mg SOD1; assuming an average molecular weight of 200 amu for an aryl-C3 lignin unit, this corresponds to a rate of 99 µmol lignin units/min/µmol enzyme, or an apparent rate constant of 1.64 s -1 . (5) result from cleavage of the C  -C  bond in lignin aryl-C3 units, while 2-methoxyhydroquinone (7) guaiacol (8), and catechol (9) result from cleavage of the aryl-C  bond in lignin aryl-C3 units. 4-(2-hydroxyethyl)guaiacol (6) contains an aryl-C2 skeleton but is deoxygenated at C  . Oxalic acid (10) has been observed previously as a metabolite of microbial lignin oxidation. 8, 20 For the background reaction in the presence of KO2 only, the only product peaks that could be detected by GC-MS were small amounts of vanillic acid (1) and oxalic acid (10) , as shown in Figure 3 .
In order to study which of the observed products may be derived from the predominant -aryl ether (-O-4) linkage present in polymeric lignin, incubations of SOD1 and SOD2 with a -aryl ether model compound guaiacylglycerol--guaiacyl ether were carried out. Products 2-methoxyhydroquinone (7) and guaiacol (8) were observed, consistent with aryl-C  bond cleavage.
Incubation of SOD1 or SOD2 with guaiacol (8) gave catechol (9) as product, indicating that the oxidative demethylation of guaiacol is catalysed by SOD1 and SOD2.
In order to examine whether the lignin oxidation activity was unique to the Sphingobacterium MnSOD enzymes, manganese superoxide dismutase genes from Escherichia coli
and Thermus thermophilus were cloned and overexpressed in E. coli as His6 fusion proteins, and the purified recombinant enzymes were assayed (see Supporting Information S22). When incubated with organosolv lignin and KO2, only very small amounts of product metabolites were observed by HPLC analysis, corresponding to 5-6% of the products formed by SpMnSOD1, similar to the background KO2 reaction.
The generation of multiple reaction products implies the generation of a reactive oxidant by the Sphingobacterium MnSOD enzymes. In order to investigate turnover-dependent enzyme inactivation, SOD activity was measured under the lignin oxidation conditions, using the pyrogallol assay. It was found that 75% activity was lost after 30 min under these conditions, but thereafter 10-20% residual activity was retained over 3-4 hr (see Supporting Information S28). Analysis of recombinant SpMnSOD1 by electrospray mass spectrometry verified the expected mass at 26,394
Da, which was still the major species present after 1 hr under the assay conditions (see Supporting Information S24), indicating that there is no rapid chemical modification of the enzyme. 
Crystal structure of MnSOD1
Diffracting crystals of Sphingobacterium sp T2 MnSOD (SpMnSOD1) were obtained, and X-ray diffraction data collected to 1.35 Å. The structure of SpMnSOD1 was determined using molecular replacement using the MnSOD structure from Bacillus subtilis (pdb: 2RCV). 23 The coli (pdb code 1D5N), 21 T. thermophilus (pdb code 3MDS), 22 B. subtilis (pdb code 2RCV), 23 D.
radiodurans (pdb code 1Y67), 24 and the filamentous cyanobacterium Anabena PCC 7120 (pdb code 1GV3) 25 gave an rmsd of ~0.4-0.7 Å for the monomer, and ~0.5-0.9 Å for the dimer (Figure 4 ). Figure 5A ). The Mn ligands and inner sphere residues are surrounded by outer sphere residues including the highly conserved so-called "gateway" residues. 26 In SpMnSOD1 these include His30, Tyr34 and Gln144, along with Glu166 and Tyr170 from the other monomer of the homodimer ( Figure 5A ). Of these, Gln144 that is bound to the axial water/hydroxyl ligand is known to be important for catalytic activity in the E. coli enzyme, 27 and Glu166 is known to be required for both dimerization and activity in the T. thermophilus enzyme. Figure 5A ). 21 The
His30A-Tyr174B interaction may allow each monomer to influence or coordinate catalysis in the other active site, 26 while the hydrogen bond between His167A and Glu166B results in a pair of bridges between the two Mn centres. 21 All of the Mn ligands and gateway residues are conserved in the primary sequence, and can be superimposed with only very small perturbations in structure (see Figure 5B ). However, there are some amino acid replacements near the active site, shown in Figure   6 . 
Conclusions
Proteomic analysis of extracellular fractions from Sphingobacterium sp. T2 has identified two extracellular manganese superoxide dismutase enzymes, which in recombinant form are both highly active for oxidation of Organosolv lignin, generating multiple reaction products. This is a surprising observation, since superoxide dismutase was believed to function only in cellular protection against oxidative stress, 13 so lignin oxidation is a new function for superoxide dismutase.
The presence of two highly active lignin-oxidising enzymes in this strain may therefore explain the high activity of this isolate, and also explains the observed lignin degradation activity of this isolate in the absence of hydrogen peroxide. 9 The presence of an extracellular superoxide dismutase enzyme is unusual, since bacterial superoxide dismutases are usually intracellular, 13 however an extracellular MnSOD enzyme has been reported in Streptococcus pyogenes, 29 which shares 42% and 48% sequence identity with SpMnSOD1 and SpMnSOD2 respectively. Database searches using the BLAST algorithm (see Supporting Information Figures S25, S26 ) reveal that homologues for SpMnSOD1 and SpMnSOD2
are found the Sphingobacteriales and Flavobacteriales, and also in strains of Acinetobacter (-proteobacteria). Interestingly, an extracellular manganese superoxide dismutase has been reported in a gene cluster for metabolism of poly(cis-1,4-isoprene) in Gordonia polyisoprenivorans VH2, and is required for efficient growth on poly(cis-1,4-isoprene) as carbon source. 30 Schulte et al proposed that the SodA enzyme is probably involved in protection against reactive oxygen species during rubber breakdown, 30 but this enzyme also shares 32% and 37% sequence identity with SpMnSOD1 and SpMnSOD2 respectively, so it might also possess oxidative C-C bond cleavage activity. Given the close similarity in structure between the Sphingobacterium MnSOD enzymes and E. coli and T. thermophilus MnSOD enzymes, it is interesting that the latter enzymes are much less active for lignin oxidation, implying that there is some special reactivity possessed by the Sphingobacterium MnSOD enzymes.
Following lignin oxidation by superoxide dismutase enzymes, the subsequent metabolism of the lignin oxidation products is unclear, since the genome of Sphingobacterium sp. T2 does not appear to contain any conventional aromatic degradation gene clusters. We have previously found that this strain is able to utilise vanillic acid as sole carbon source for growth, 9 which suggests that it is able to metabolise such intermediates. The reaction products that we have observed from oxidation of Organosolv lignin are highly oxidised, so we suspect there may be a pathway similar to the phloroglucinol pathway observed in Pelobacter acidigallici (Bacteroidaceae), 31 Eubacterium oxidoreducens, 32 and Coprococcus sp., 33 in which a 1,3,5-trihydroxybenzene tautomerises to a nonaromatic cyclohexane-1,3,5-trione, which is then a substrate for hydrolytic cleavage, rather than oxidative ring cleavage.
Treatment of Organosolv lignin with Sod1 or Sod2 generates multiple reaction products, of which we have characterised 12 structures shown in Figure 3 . The formation of the reaction products shown in Figure 2 from lignin indicates that aryl-C  oxidative bond cleavage has taken place (products 7-10), as well as C  -C  oxidative cleavage (products 1-5), decarboxylation (e.g.
conversion of 1 to 9) and O-demethylation (products 2, 10). The generation of such a range of reaction products and reaction types from Organosolv or Kraft lignin implies the generation of a highly reactive oxidant. The reaction cycle of manganese superoxide dismutase, shown in Figure 5 , involves two half-reactions, namely oxidation of superoxide to dioxygen by Mn(III), and reduction of superoxide to hydrogen peroxide by Mn(II). 13, 18, 19 Two possible hypotheses for interaction with lignin are illustrated in Figure 7 . The first possibility ( Figure 7A ) is that the Mn(III) form of the metal cofactor might oxidise lignin, analogous to the generation of Mn(III) by fungal manganese peroxidase, which then acts as a diffusible oxidant to attack lignin. 34 However, the manganese cofactor in superoxide dismutases is generally tightly bound, and we have seen no evidence that it is released by the Sphingobacterium SOD enzymes.
Figure 7. Hypotheses for generation of lignin oxidant by MnSOD
The second hypothesis ( Figure 7B ) is that the SpMnSOD enzymes are able to further reduce peroxide to hydroxyl radical, which is the reactive oxidant to attach lignin. It is reported that bovine erythrocyte Cu/Zn superoxide dismutase can generate hydroxyl radical, but that E. coli MnSOD, which in our hands shows very little lignin oxidation activity, does not generate hydroxyl radical. 35 The observation of oxidation products containing additional phenolic hydroxyl groups (e.g. products 3, 6, 7) is consistent with the known ability of hydroxyl radical to carry out phenolic hydroxylation, 36 hence this appears to be a possible mechanism for lignin oxidation via these enzymes. We note that Nature uses hydroxyl radical to attack lignin in a different context: brown rot fungi utilise Fenton chemistry to generate hydroxyl radical to attack lignin. 37, 38 There are also literature reports of the production of hydroxyl radical in white rot fungus Phanerochaete chrysosporium, [39] [40] [41] though subsequent data implied that this is not a major contributing mechanism in white-rot fungal lignin degradation. 42 We therefore propose a possible mechanism shown in Figure 8 for the generation of the observed products from Organosolv lignin. Hydroxyl radical is reported to cause demethoxylation of methoxylated aromatic compounds, via addition of hydroxyl radical to the aromatic ring. 37 If hydroxyl radical attacked at aryl C-1 of an aryl-C3 unit, then C-C fragmentation as shown in Figure   8 would generate compound 7, observed in incubations of SpMnSOD enzymes with both
Organosolv lignin and a -aryl ether model compound. Hydroxyl radical is also known to cause oxidative fragmentation of ketones such as -oxo--methylthiobutyric acid, 41 The identification of the Sphingobacterium sp. T2 manganese superoxide dismutases as lignin-oxidising enzymes expands the range of bacterial enzymes capable of lignin oxidation.
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These enzymes could be valuable biocatalysts for the valorisation of lignin produced as a byproduct of biofuel production and pulp/paper manufacture, including Kraft lignin for which the SpMnSOD enzymes show activity. 4 The identification of reaction products from oxidation of polymeric lignin helps to define further the metabolic pathways for microbial lignin breakdown. Fractions were assayed for activity using the nitrated lignin assay in the presence and absence of H2O2. 8 Active fractions were analysed by SDS-PAGE (see Supporting Information S2), and
Coomassie-stained gel bands were processed and proteomic analysis carried out by the WPH Proteomics Facility (School of Life Sciences, University of Warwick). After tryptic digestion, the extracted peptides from each sample were analyzed by nano LC-ESI-MS/MS using Nano Acquity/Ultima Global Instrumentation (Waters), using a 30 min LC gradient. The data were processed to generate peak list files using Protein Lynx Global Server v 2.5.1. The observed molecular ion data for tryptic digests were compared with protein databases, and a number of matches were found (see Supporting Information Figure S3 ).
Expression of recombinant KatG and MnSOD1&2.
Cloning primers were designed for the Sphingobacterium sp. T2 katG, sod1 and sod2 genes, Analysis of reaction products. After stopping the enzyme reaction as described above, samples were centrifuged (13000 rpm, microcentrifuge) for 10min prior to analysis by HPLC. HPLC method A:
analysis was conducted using a Phenomenex Luna 5 μm C18 reverse phase column (4.6 mm) on a Hewlett-Packard Series 1100 analyzer, at a flow rate of 0.5 mL/min, with monitoring at 310 nm.
The gradient was as follows: 20 to 30% MeOH/H2O over 5 min, 30 to 50% MeOH/H2O from 5 to Crystallization and structure determination of SpMnSOD1. Methods for protein crystallisation, Xray data collection, structure determination and refinement are described in Supporting Information S29, with crystallographic data and refinement statistics. Reaction products from reaction of SpMnSOD1 with Organosolv lignin, observed by HPLC analysis. New peaks a-e are observed, which were subsequently found to contain the following breakdown products: peak a contains compounds 2, 3, 4, 7, and 10; peak b contains compounds 1 and 9; peak c contains compound 8; peak d contains compounds 5 and 6; peak e contains unidentified compounds of m/z 335-414, corresponding to a mixture of lignin dimer products.
Control reaction contains KO2 but no enzyme. 
